Abstract. Purpose: For generating preclinical pharmacokinetics (PKs) of compounds, blood is drawn at different time points and levels are quantified by different analytical methods. In order to receive statistically meaningful data, 3 to 5 animals are used for each time point to get serum peak-level and half-life of the compound. Both characteristics are determined by data interpolation, which may influence the accuracy of these values. We provide a method that allows continuous monitoring of blood levels noninvasively by measuring the fluorescence intensity of labeled compounds in the eye and other body regions of anesthetized mice. Procedures: The method evaluation was performed with four different fluorescent compounds: (i) indocyanine green, a nontargeting dye; (ii) OsteoSense750, a bone targeting agent; (iii) tumor targeting Trastuzumab-Alexa750; and (iv) its Fðab 0 Þ 2 -alxea750 fragment. The latter was used for a direct comparison between fluorescence imaging and classical blood analysis using enzyme-linked immunosorbent assay (ELISA). Results: We found an excellent correlation between blood levels measured by noninvasive eye imaging with the results generated by classical methods. A strong correlation between eye imaging and ELISA was demonstrated for the Fðab 0 Þ 2 fragment. Whole body imaging revealed a compound accumulation in the expected regions (e.g., liver, bone). Conclusions: The combination of eye and whole body fluorescence imaging enables the simultaneous measurement of blood PKs and biodistribution of fluorescent-labeled compounds.
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Introduction
The study of the time course of a drug in the body is a key determinant in the selection of a drug candidate. In general, pharmacokinetic (PK) provides information that can guide future animals and clinical studies for the selection of the dose levels and frequency of administration. Multiple steps are involved in PK studies, e.g., formulation, animal dosing and sampling, sample processing and analysis, and PK regression and data reporting. Blood samples are collected at several time points, concluding at one predose and/or multiple postdoses. Reliable analytical methods [e.g., enzymelinked immunosorbent assay (ELISA), size exclusion chromatography (SEC), high-performance liquid chromatography, liquid scintillation counting using nonlabeled or radiolabeled compounds] are required to quantify the drug concentration in the samples and sometimes need to be developed first.
Following drug administration, the maximum observed concentration in the concentration-time profile (C max ) and the time to reach that peak-level (t max ) are important descriptors of the extent and nature of drug exposure. C max , an indicator of maximum drug exposure, may sometimes relate better to pharmacological or toxicological effects than the other measures of exposure. In the drug discovery setting, however, secondary or derived parameters such as half-life (t 1∕2 ) or area under the curve (AUC) have increased practical importance. The half-life is generally used as a guide to determine the dose interval of a drug. [1] [2] [3] The conventional PK studies use the dosing strategy of a single compound per animal to avoid potential problems of drug-drug interactions.
In addition, the trauma associated with the frequent venipuncture and blood loss could be expected to cause adverse changes in physiology, which could interfere with the findings of the PK parameters. A full preclinical PK study typically takes 6-12 serial blood samples from 6 to 8 animals/compound, which therefore requires a minimum of 36 samples/study. Because of the lower blood sampling volume allowed in the mouse, a full PK study in mice often requires twice the number of animals over that in a rat PK study. Consequently, many efforts are undertaken to optimize the throughput of PK studies, e.g., cassette dosing 4 and snapshot PK. 5 For generating the PK profile, serum drug concentration is plotted versus time by interpolation of the single time point data to generate the AUC. Inappropriate selection of time points or missing serum samples may complicate the interpolation which may influence the accuracy of the PK analysis. Finally, the determination of PK drug characteristics is laborious and error-prone because the measurement of different time points cannot be made in the same animal. These problems may lead to misinterpretation of the time course of a drug in the body.
Noninvasive imaging modalities such as positron emission tomography and single-photon emission computed tomography are applied in preclinical drug development to monitor the kinetics of drugs labeled with positron emitting radionuclides. Such studies have been extremely useful to ascertain their suitability as potential radiopharmaceuticals for humans, but are correlated with high costs, long acquisition times, and special safety requirements for working with radioactivity. Furthermore, the exact determination of kinetic parameters requires manual blood/tissue sampling for counting the radioactivity emitting from the blood and from the tissue lysates, which is still the reference method for tracer concentration measurements. Especially, blood/tumor ratios are constructed based on such imaging studies to reveal the kinetics of tumor targeting antibodies or new antibody constructs. 6, 7 Near-infrared (NIR) optical imaging is a noninvasive, nonionizing, and real-time modality that is emerging as a diagnostic tool for different in vivo and ex vivo applications. [8] [9] [10] This technique offers a simplistic while highly sensitive approach for molecular imaging research in a manner analogous to traditional approaches with radiolabeled agents. Recent studies indicate that this approach is feasible to measure the organ specific uptake dynamics of indocyanine green (ICG) and to assess the liver function after transient damage.
11
In this study, we applied optical imaging in the planar reflectance mode since the NIR excitation light can penetrate into the eye of an animal with low tissue absorption and light scattering and thus illuminates the highly vascularized retina of the eye. This direct and unrestricted access to the blood vessels offers the possibility to noninvasively measure the fluorescence intensity of labeled compounds over the time in the same animal. The combination of eye imaging with the whole body fluorescence imaging enables the simultaneous measurement of blood PKs, biodistribution, and accumulation of labeled compounds over the time in different region of interests (ROI). Measurements can be performed serially, thus giving the possibility of PK analysis with a temporal resolution in the order of seconds. By multiple measurements over the time period of 2 h "kinetic movies" can be created, facilitating the mathematical description of different PK parameters. We performed a feasibility study to visualize noninvasively drug peak-levels, half-life in blood, accumulation to organs and saturation kinetics by using fluorescence-labeled drugs. The utility of this approach is demonstrated by evaluating the four different fluorescent compounds. Data generated by this method reveal excellent concordance with results obtained with the classical methods of PKs.
Materials and Methods

Compounds and Labeling
ICG, a nontargeting fluorescent dye was purchased from Sigma-Aldrich Chemie GmbH (Munich, Germany) and OsteoSense750, a fluorescence-labeled bisphosphonate targeting bone tissue was bought from PerkinElmer (Rodgau, Germany). Trastuzumab and the Fðab 0 Þ 2 fragment of Trastuzumab were provided from Roche Diagnostics GmbH (Penzberg, Germany). Both compounds were labeled inhouse with the fluorochromes Alexa750 (Invitrogen, Hamburg, Germany) by mono-reactive N-hydroxysuccinimide ester to lysine residues with a labeling ratio of 3 fluorochromes/molecule. Labeled compounds were purified by the dialysis and SEC, and afterward surface plasmon resonance analysis (BiaCore, LKB, Broma, Sweden) was performed to verify biological identity and binding characteristics. The results revealed no significant changes in the k on and k off constants and the resulting affinity between labeled and nonlabeled molecules.
Animals
All imaging experiments were performed in female severe combined immunodeficiency (SCID) hairless outbred (SHO) mice from Charles River, Germany (age: 6 to 8 weeks, weight: 20 to 25 g). The experimental study protocols were reviewed and approved by the local government. Mice were handled according to committed guidelines (GV-Solas; Felasa; TierschG) and the animal facility has been accredited by AALAAC.
In Vivo Imaging
Mice received inhalation anesthesia and the compounds were administered i.v. through a tail vein catheter. The eyes of the mice were covert with custom-made contact lenses to prevent desiccation. ICG was injected either with a single dose [10 μg∕100 μl phosphate-buffered saline (PBS), n ¼ 1] and multiple injections of identical (3 × 10 μg∕100 μl, n ¼ 1) and escalating dosages (5 μg∕50 μl, 10 μg∕100 μl, and 15 μg∕ 150 μl, n ¼ 1). Fluorescence signal intensities (SIs) were recorded with a rate of 1 frame∕s over a 6 min time period (exposure time: 200 ms; excitation (ex.) filter: 710 to 760 nm; emission (em.) filter: 830 to 840 nm). OsteoSense750 was injected into an SHO mouse with a single dose of 2 nMol∕ 200 μl PBS and SIs were recorded every 5 s for 1.4 h (exposure time: 500 ms; ex. filter: 671 to 705 nm; em. filter: 770 to 780 nm). The Alexa750 labeled antibody Trastuzumab (n ¼ 1) and its Fðab 0 Þ 2 fragment (n ¼ 8) were injected with a single dose of 50 μg∕100 μl PBS. Due to the longer halflife of antibodies in mice, longer observation periods are required. 12 Nevertheless, mice should not be held under anesthesia for >2 h and therefore 1 image∕s was only acquired for 15 min (exposure time: 200 ms; ex. filter: 671 to 705 nm; em. filter: 770 to 780 nm). Thereafter, daily measurements were performed at different time points. Fluorescence SIs were monitored and analyzed with the MAESTRO imaging system (PerkinElmer, Rodgau, Germany). The measurements were started 10 s before compound injection and at the end of the study all acquired image cubes were spectrally unmixed. The measurement ROIs were set over specific areas of the animal and the average SIs were determined as scaled counts per second (sc/s). The first SI value received from the ROI of the eye which increased the background SI by 10-fold was defined as the zero point of the measurement. The acquired fluorescence SIs from the selected ROI were plotted over the time.
Blood Sampling and ELISA Analysis
After i.v. injection of the Fðab 0 Þ 2 -Alexa750 fragment in naive SHO mice (n ¼ 8), fluorescence in vivo imaging was performed at different time points and blood samples were taken immediately afterward at 3, 8, and 24 h, respectively, from all animals. Thereafter, a solid phase Sandwich-ELISA was used to determine the concentration of human Fðab 0 Þ 2 -Alexa750 in mouse serum. The assay principle consists of the capture of the analyte by microtiter plate-bound antihuman kappa light chain Fab M-1.7.10 (Roche) and subsequent detection of the bound analyte by digoxigenylated antihuman CH1 domain Fab M-1.19.31 (Roche) which in turn is recognized by a horseradish peroxidase (HRP) labeled polyclonal antiDig antibody. The HRP of the polyclonal antibody catalyzes a color reaction of the substrate 2, 2'-azino-di(3-ethylbenzthiazoline-6-sulfonate). The color intensity is proportional to the concentration of the analyte. The dosing material of the human Fðab 0 Þ 2 fragment was used for the preparation of calibration standards. The lower limit of quantification of the assay is 20 ng∕ml.
Results
Method Evaluation with ICG
In order to evaluate the application of eye imaging for PK studies, we measured the average SI of ICG noninvasively over the time. This molecule provides a short half-life and a fast clearance rate and is therefore eminently suitable for repeated applications in the same experimental animal.
Data generated in an SHO mouse demonstrate that t max of ICG was reached 10 s after i.v. injection and the half-life of the SI was 1.2 min (Fig. 1 and Video 1) . The received halflife result is in concordance with the published data. 13, 14 The reproducibility of this method was assessed by administering multiple injections of equal ICG dosages in short intervals in the same animal [ Fig. 2(a) and Video 2] . The acquired average SI of the three repeated ICG applications revealed a nearly identical curve shape and only slight peak-level variations. The t max values are almost identical and were calculated to be 13 s (first application), 15 s (second application), and 15 s (third application), whereas the values for t 1∕2 were 1.8, 2.2, and 2.5 min, respectively [ Fig. 2(b) ]. The continuously increasing half-life values may be attributed to the limited clearing capacity of the liver and the cumulative dose effect of the three applications leading to an accumulation of ICG in the blood. In a second study, we examined if the injection of escalating dosages of ICG correlated with increased fluorescence SIs in the eye [ Fig. 3(a) and Video 3] . The maximum peak-levels of all three applications occurred after 3 s, however, the half-life was starting slightly to increase after the third ICG application (1.4, 1.3, and 1.6 min, respectively) [ Fig. 3(b) ], the latter indicating the same cumulative dose effect as mentioned before. The results of this experiment demonstrate a linear correlation between the administered compound concentration and their associated fluorescence SIs. Thus, different concentrations of a fluorescent compound can be distinguished by measuring the fluorescence intensity in the eye of a mouse. In addition to it, we examined if the PK measurements of ICG through the animal's eye can be combined with the whole body fluorescence imaging. This approach would facilitate the simultaneous measurement of blood kinetics with biodistribution kinetics. For this experiment, a single SHO mouse was injected with 10 μg ICG∕100 μl PBS i.v. and the fluorescent signals were acquired in both eyes and the liver over the time period of 6 min [ Fig. 4(a) and Video 4] . The results indicate an immediate increase followed by a sharp decline of the fluorescence SI in both eyes (left: t max ¼ 9 s, t 1∕2 ¼ 1.3 min; right: t max ¼ 7 s, t 1∕2 ¼ 1.2 min) [ Fig. 3(b) ]. The compound was cleared out of the blood stream and accumulated in the liver within 3 min (t max ¼ 186 s), as described in the literature.
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Method Evaluation with OsteoSense750
The fluorescent-labeled bone targeting agent OsteoSense750 was also applied to evaluate the new eye imaging method. This molecule has already been used to examine osteoblastic activity in animal models. 16 It has a half-life of 20 to 30 min in mice 17 and rats, 18 depending on the mode of application. 19, 20 The bone (tibia) contains the highest concentration of all the tissues examined and the remainder is excreted via the kidney. 16, 20 In contrast to the previous studies, our setup allows simultaneous semiquantitative measurement of blood level and bone uptake simultaneously. Both parameters were recorded over the time period of 1.4 h. The acquired distribution kinetic of OsteoSense750 demonstrates a transient accumulation in the kidneys and an immediate accumulation in the spine [ Fig. 5(a) ]. Based on the optical imaging measurements t max was determined to be 3.8 min and half-life in the blood was 34 min [ Fig. 5(b) ]. These results correlate with the published data. 17, 18 A final image, taken 24 h after the i.v. injection of the compound, showed a strong fluorescence signal in spine, right and left femur, scapula, ribs, and in the knees [ Fig. 5(a) ].
Evaluation with Trastuzumab-Alexa750
Beside the application of small molecules for method evaluation, we also noninvasively investigated the PK behavior of the labeled therapeutic antibody Trastuzumab by eye imaging. Therefore, Alexa750-labeled Trastuzumab was injected in an SHO mouse and monitored over time [ Fig. 6(a) ]. The fluorescence SIs reached the maximum after 6 s and antibody half-life was 2.5 days [ Fig. 6(b) ], which is comparable to conventionally acquired and published values. Having confirmed the correspondence between classical PK measurements and fluorescence imaging for ICG, OsteoSence, and Trastuzumab, we further evaluated the Fðab 0 Þ 2 fragment of Trastuzumab in more detail. This study was prioritized because antibody fragments are considered to penetrate tumor tissue more easily and thus represent optimal targeting moieties. 22, 23 In addition, a direct comparison of the half-life between the eye imaging method and the "gold standard" of blood sampling analysis was performed. The Fðab 0 Þ 2 -Alexa750 was injected i.v. into SHO mice (n ¼ 8) and the fluorescence intensities were measured in the eye over time. The imaging results showed a high measurement reproducibility between the individual animals and also a low standard deviation for all time points [Figs. 7(a) and 7(b)]. The determined half-life of the labeled compound was 8.3 h, which is in accordance with the published data. 24 Furthermore, the direct comparison of the fluorescence SIs from eye imaging and the analyzed Fðab 0 Þ 2 protein concentration in the blood (performed by ELISA), revealed a strong linear relationship [ Fig. 7(c) ]. Linear regression analysis between three measurement time points of both techniques 
Discussion
We evaluated the application of NIR fluorescence eye imaging for the noninvasive estimation of PK parameters. Furthermore, half-life values received from the fluorescence imaging were compared with the conventional serum analytics by ELISA. We found that the eye fluorescence SIs directly relate to the compound concentration in the blood (R 2 ¼ 0.8254). An important aspect that may have influenced the measuring reproducibility of the performed imaging experiments and might cause the differences between the obtained t max and t 1∕2 values is the manual compound injection. The usage of an automatic injection device will standardize compound application and therefore reduce the measurement variations to a minimum and further improve the imaging results.
This optical imaging method has multiple advantages compared to the conventional PK and biodistribution assay techniques. Manual labor and required time for sample analysis are significantly reduced, mixing up of blood samples is prevented, and the use of nonradioactive materials permits further analysis by routine laboratory methods without the precautions needed with radiochemicals. Furthermore, the number of animals required is significantly reduced and animal bleeding is not necessary anymore, resulting in improved animal conditions following the 3R principle of animal testing. Since animals do not need to be sacrificed, multiple applications of the same and/ or another compound (labeled with a fluorochrome possessing emission spectra different from the first one) can be applied to get insights on drug-drug interactions. The optimal dosages and treatment schedules can be found for i.v., i.p., oral, inhalation, nasal, and dermal applications of drugs in wild type and in genetically engineered preclinical models (e.g., FcRn knockouts or mice with huFcRn).
In addition to t max and t 1∕2 , organ distribution of new compounds can be analyzed simultaneously. Such measurements can provide new insights regarding the time courses of blood clearance and migration to target organs. The semiquantitative information about the location and concentration of labeled substances in the body can be obtained as a function of time, thereby enabling a more profound understanding of its biological effects. This information is crucial to the design of optimized delivery systems and new drugs.
Antibodies that target cellular surface antigens have complex kinetics. When antigen expression is high, half-life is short because the antibody is rapidly cleared from the blood stream through antigen-mab interactions. When the antigen is depleted, clearance decreases and half-life is consequently prolonged. As the antibody accumulates, a new steady state is reached. Therefore, it is of interest to (i) perform PK studies in xenografts (not only in tumor-free mice) and (ii) quantify antibody concentration in the blood and in the target tissue to clarify the association between tumor burden/target expression and saturation kinetics with serum/plasma kinetics. [25] [26] [27] Knowledge of these parameters (measured simultaneously) would provide a more comprehensive data basis for PK-PD modeling which has become an integral part of the preclinical and clinical developments of protein drugs. [28] [29] [30] In addition, combined measurement of PK and target saturation supports strategies to modify serum half-life of therapeutic proteins. In such cases where the clearance of drugs from the specific tissue/organ is fast, conventional techniques cannot catch up with its dynamic changes. Therefore, a noninvasive in vivo real-time imaging modality for protein drugs in biological matrices like the method described here will timely meet the needs and expedite the step of protein drug development.
Furthermore, new antibody formats, 31-33 glycoengineered antibodies, 33 and antibody drug conjugates 34 can be easily labeled with a fluorochrome and thus can also be examined with our method. However, before performing any in vivo studies with labeled drugs, functional assays must demonstrate that there is no difference in the binding constants and biological effects compared to the nonlabeled substance. For compounds where the labeling with fluorochromes may interfere with the biological characteristics (e.g., receptor binding), optical imaging cannot be applied for assessing PK and biodistribution.
Although planar reflectance optical imaging is associated with the limited tissue penetration, scattering of the emitted fluorescence and the different optical properties of the tissue, such measurements still allow a semi-quantify assessment and thus, facilitate the selection of the most appropriate time points for taking serum and tissue explantation. With the advent of tomographic optical systems 35 or the combination with CT, such problems can be circumvented and will subsequently improve PK studies using whole body optical imaging. 36, 37 Such hybrid systems will also facilitate studies aiming to address the target mediated clearance and penetration of targeting antibodies into tumor tissue. 30, 38, 39 The noninvasive measurement of PK parameters by eye imaging provides the possibility to understand PK and PD properties of drugs in a better way. Since fluorescent-labeled compounds (ICG) are already approved as diagnostic markers in humans, there are no restrictions to use our imaging method in a clinical setting. The preclinical to clinical transfer of such biological information and pharmacological data would enhance the drug discovery and development process and can have profound implications on the drug approval process, reducing time, cost, and failure rates in later-stage clinical trials. 40 , 41 
Conclusions
We describe a new noninvasive optical imaging method that allows monitoring the drug levels in blood and organ distribution simultaneously in mice over the time. We demonstrated the utility of this approach by evaluating four different compounds, including: (i) ICG, a fluorescent dye; (ii) OsteoSence750, a fluorescence-labeled bisphosphonate targeting bone tissue; (iii) Alexa750 labeled Trastuzumab; and (iv) Alexa750 labeled Fðab 0 Þ 2 fragment of Trastuzumab. Our results demonstrate that t max and t 1∕2 can be easily acquired by measuring the fluorescence SIs in the eyes of anesthetized animals. In contrast to the conventional techniques, this new approach improves the performance of PK studies since quantification of the drug in serum probes and data interpolation between time points is not necessary. Furthermore, the number of required mice is significantly reduced and mice do not need to be sacrificed. Whole body planar reflectance optical imaging, besides its limitations, can be applied to get information regarding the distribution of labeled drugs and its accumulation in target tissue. For drugs that do not emit fluorescence by themselves, labeling with an appropriate fluorescence dye can easily be done. However, initiation of such studies is only justified if biological identity (no difference between labeled and nonlabeled drugs) has been demonstrated. Optimization of hardware and software components in combination with the new fluorescent probes may allow this technology to be applicable in the clinical situation.
